Low (410 keV) energy x-ray sources have been proposed as alternatives to Co-60 for device testing. Several effects caused by differences in the photon energies of the two types of sources are evaluated. Quantitative estimates of the magnitude of these effects and other factors which should be considered in setting up test protocols are presented.
Introduction
In the past several years low energy x-ray sources have been proposed and used as convenient alternatives to Co-60 for total dose testing of MOS devices.[1, 2, 3] Testing with x-ray sources makes use of conventional x-ray tubes with anodes such as W and Cu to produce intense photon beams with energies of approximately 10 keV. Although the energies of these photons are much lower than those from Co-60, total dose effects occur in the surface region before the x-ray beams are attenuated greatly. One advantage of these low energy sources is that they require significantly less shielding to minimize personnel hazards than does Co-60. A second advantage is that collimation is relatively easy to perform for x-ray sources, unlike sources where collimation is difficult. Thus, small regions of MOS structures can be irradiated selectively. As a result, it is possible to incorporate x-ray radiation testers into device fabrication lines and test individual chips on the wafers prior to dicing and packaging. Testing at the wafer level should allow significant savings to be realized in the manufacturing of radiation-hardened devices.
Because of the attractiveness of wafer level testing, several laboratories and industrial firms have begun to incorporate low energy x-ray testers into their radiation-testing programs.
X-ray testers are used to monitor processing and to assist in the pre-selection of radiation-hard wafers. Nevertheless, experience with x-ray testers is limited. Further experience with x-ray testers may result in the improved selection of radiation-hard MOS devices. It may also allow for total dose qualification standards for devices to be met at the wafer level without the additional steps of packaging and testing in Co-60 cells.
When using low-energy x-rays for testing of MOS devices, the magnitude of the effects may be significantly different for x-rays as compared to those from Co-60 at the same exposure level. [2) Two of the important mechanisms leading to differences are interface dose enhancement [4] and elecWork supported by the Defense Nuclear Agency under the Hardness Assurance Program tron-hole recombination.
[5] Each of these effects must be considered in the testing environment. For x-rays, the additional problem of spreading of the deposited energy beyond the area of the collimated beam must be considered. (This spreading is not normally considered for Co-60 testing since collimation and wafer level testing is not done.)
In this paper, mechanisms which can alter the results of testing with low energy sources, as compared to Co-60, are discussed. Each of the mechanisms is analyzed and quantitative estimates of the magnitudes will be given where possible. Although absolute magnitudes depend on the specif ic device design, these calculated results can assist in making more accurate comparisons between x-ray and Co-60 test data. In addition, the lateral spreading of the x-ray deposition within the wafer is also considered.
Energy Deposition and Beam Attenuation
The critical regions in MOS devices for which radiation dose must be determined are the gate and field oxides.
Simple dosimeters which allow the user to measure the actual absorbed dose levels in these oxides are not currently available. Although MOS dosimeters have been fabricated, [6, 7] under some conditions they are not sufficiently accurate as dosimeters and are also too expensive.
In general, three things must be known to obtain an accurate estimate of the dose in the oxide region. They are (a) a knowledge of the spect'ral distribution of the x-ray source, (b) the dose in a radiation detector, such as a Si pin detector or CaF2 TLD's, which can be related to the incident intensity, and (c) the structure of the device being tested.
For much of the low energy testing of devices, W target x-ray tubes have been used. Table I contains the spectral distribution of a typical W target x-ray tube with a 0.1 cm thick Be window operated at 50 kV. The spectrum has been normalized to 1 ma tube current. Attenuation for additional filters has not been included. However, in normal use, the spectrum should be filtered, for example, by 0.0127 cm of Al to remove the softest components of the spectrum. The intensities given in Table I should then be corrected for the filtration used in a system. The spectral distribution given in Table  I 10 . , , , 
Interf ace Dose Enhancement and Electron-Hole Recombination
In the previous section it was shown that attenuation of the beam within the layers covering the critical oxide layer does not lead to significant differences between the deposited energy in the oxide from x-rays and Co-60. On the other hand, interface dose enhancement effects can cause large differences in the resulting oxide dose. In interface dose enhancement, electrons which are produced by the deposition processes in one layer can ultimately deposit energy in another layer after electron transport and diffusion.
In order for these effects to be significant, the layers must be close in comparison to the ranges of the relevant
Compton electrons and photoelectrons.
In addition to the interface enhanced dose, the energy dependence of electron-hole recombination is included in this section. These are two of the more important physical processes which lead to energy dependence of radiation effects in MOS devices. The magnitude of the ionization charge, that is, the number of electron-hole pairs which ultimately cause the detrimental effects in MOS structures, is sensitive to interface dose enhancement and electron-hole recombination effects.
Shifts in many measurable parameters, such as threshold voltage, can be related to the number of holes trapped in the oxide.
(Note that a factor of 3 change in the number of generated holes does not necessarily mean a factor of 3 change in, for example, the threshold voltage if the shift vs dose behavior is saturating.)
Examples of interface enhancement effects are shown in Figures 2 and 3 . The procedures for the calculations used here have been reported in an earlier paper. [9] The device geometry used in the calculation for Figure 2 is is a typical silox:polysilicongate:SiO2:Si structure. The SiO2 gate oxide layer is 250 R thick. The covering silox layer was assumed to be approximately 2 u m thick. The dashed lines in Figure 2a show the doses which would occur in each material far from any interface, that is, without electron transport across interfaces. The solid lines show the doses allowing for the electron transport which causes interface enhancement effects. Note that the dose in the SiO2 gate has been enhanced by a factor of 1.7. Thus,there would be a factor of 1.7 underestimate of the dose in the gate oxide if this ef fect was not included in dosimetry calculations. Figure 2b shows the interface enhancement expected in the oxide for different oxide thicknesses. For a field oxide with X 10000 i thickness, the dose enhancement for the x-ray beam is approximately a factor of 1.15.
The structure in Figure 3 , based on structures currently being considered for VLSI devices, was chosen to demonstrate the large interface enhancement effects that can occur. consistent with enhancement factors as large as the calculated value of 4.5 in the structure described here. Figure 3b shows the effect of altering the separation of the silicide layer from the oxide. Even with 7000 R of Si between the silicide and the oxide, an enhancement factor of 1.2 would be expected.
The effects shown in Figure 2 and 3 The second factor which alters the number of electrons-hole pairs in the oxides is electron-hole recombination. Dozier shown as Case IV. Case V is similar except that, in addition, enhanced recombination would be expected with x-ray irradiation. Case VII is a particularly difficult problem.
If there is a Au-coated Kovar cap for the Co-60 tests, but the device is otherwise like Case I, then the ratio may approach a value of 2. (Note that the Au/Kovar cap would not be present in x-ray testing because it would excessively attenuate the beam.) On the other hand, if Co-60 interface enhancement effects are small, but there is a high Z layer, such as a silicide using a high atomic number material, near the gate oxide then x-ray dose enhancement effects may cause the ratio to approach 1/5 (See Figure 3b) .
Lateral X-ray Scattering
One of the advantages that makes low energy x-ray testers attractive for testing at the wafer level is the ability to collimate the x-ray beam effectively. Collimation cannot be performed well for Co-60 photons. This difference is again due to the different energy depostion mechanisms of high and low energy photons. Co-60 photons are highly scattered as they interact with materials. Not only are the photons scattered, but energetic electrons are produced which can ultimately deposit their energy in regions outside the primary beam. The photoelectric process, on the other hand, dominates the deposition of x-rays. This latter process produces electrons with much lower energies and shorter ranges.
However, even at these energies some scattering of photons occurs.
Additionally, the x-ray beam can cause some fluorescence in the sample being irradiated.
To investigate the scattering and fluorescence of beam, exposures were made of a collimated W target x-ray beam on radiochromic dye dosimeter films. [18] These films were located in the sample position. The collimator was a chromium plated brass opening in the sample probe card approximately 1 mm above the dosimeter placed in the sample position. Both nylon and chlorostyrene (a better match to the materials in Si devices) dosimeter films were used. Results of the exposures of both films were similar. An example of the results is shown in Figure 4 . It can be seen that the spreading in the deposition extends out to approximately 1 mm beyond the region defined by the collimator.
A rough calibration of the exposures shows that the exposure at the edge of the collimator is approximately 2 percent of the dose recorded in the central irradiated region. These exposures show that during irradiation to high doses of one device transistors near the edges of neighboring devices may receive an undesirable level of 
Conclusion
There are a number of differences between the effects of 10 keV x-rays and Co-60 radiation. These differences do not preclude comparison of results taken from these two sources, but appropriate allowance must be made for effects such as interface dose enhancement and electron-hole recombination.
I.
For some test configurations, as was shown in II. X-ray and electron scattering in the irradiated region of the chip can produce dosed areas beyond the irradiated chip boundaries. The magnitude of the dose just beyond the edge of the chip was found to be approximately 2 percent of the dose in the irradiated area, and decreases to negligible levels approximately 1 mm beyond the chip edge.
III.
Results from devices which exhibit large effects due to surface states should be monitored closely for potential differences. Insufficient data currently exists to judge whether or not energy dependent effects may occur in the production of surface states as has been observed in the production of electron-hole pairs.
IV. Finally, for some non-Si devices, x-ray testers may also provide a useful tool for evaluation at wafer levels. However, caution needs to be exercised since the use of some insulators may result in large errors in the insulator dose.
